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Several previously unobserved Rydberg states of the sulphur atom above the lowest ionization threshold are identified and assigned using (2ϩ1) resonance-enhanced multiphoton-ionization photoelectron spectroscopy. All states were accessed by two-photon transitions from either the 3 
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I. INTRODUCTION
A detailed knowledge of the energy levels, oscillator strengths, and photoionization cross sections of the S atom is of fundamental interest for understanding the spectroscopy and dynamics of open-shell atoms, 1 and is of astrophysical relevance because of the high abundance of sulphur in the interstellar medium and in the sun. 2 Even-and odd-parity excited states of the atom have been extensively investigated by one-photon vacuum ultraviolet absorption [3] [4] [5] and photoionization 6 studies, and by (2ϩ1) resonance enhanced multiphoton ionization ͑REMPI͒ spectroscopy. [7] [8] [9] [10] [11] Recently we reported on a (2ϩ1) REMPI-photoelectron spectroscopy ͑REMPI-PES͒ study of the S atom, in which Rydberg states converging upon the lowest ionic state were investigated. 12 In this study, some 20 hitherto unobserved even-parity Rydberg states belonging to the ( 4 S o )n f 3 F and ( 4 S o )np 3 P series have been characterized. Photoelectron spectroscopy and analysis of the quantum defects of the latter series clearly showed that it is perturbed around nϭ7 by the ( 2 D o )4p 3 P interloper state. Moreover, the extensive observation of the ( 4 S o )np 3 P series enabled the lowest ionization energy to be determined with improved accuracy as 83560.8Ϯ0.1 cm Ϫ1 . In the present study we shall be concerned with Rydberg states converging upon excited ionic states, and located in the energy region above the lowest ionization threshold. Here )4p configurations. Combination of photoelectron spectra obtained for ionization via these levels and the relative transition intensities leads to assignments of these states.
II. EXPERIMENTAL DETAILS
The experimental setup has been described elsewhere. 13 In short, the frequency-doubled output of an excimer pumped dye laser is focused into the ionization chamber of a ''magnetic bottle'' electron spectrometer. With this electron spectrometer, REMPI spectroscopy is performed using either kinetic energy-resolved photoelectron detection or massresolved ion detection. 14 The dye laser wavelength calibration was performed using two-photon transitions to known states of atomic sulphur and xenon, and resulted in an uncertainty of 0.3 cm Ϫ1 at the two-photon level in the line positions tabulated in the following.
Two kinds of experiments have been performed. First, excited states were located by scanning the excitation wavelength while simultaneously detecting either the S ϩ ion signal or the electron current. Secondly, at a given excitation wavelength the photoelectrons were analyzed according to their kinetic energies.
Sulphur atoms are produced in situ by subsequent photodissociation of H 2 S and HS, which results in the formation of H( 2 S) and S( 3 P, 1 D). 15 The S( 3 P 2 ):S( 3 P 1 ): S( 3 P 0 ) fine-structure branching ratio for this process has been found to be only slightly colder than the statistical distribution 5:3:1. 15 In the present study, photodissociation and subsequent REMPI spectroscopy are carried out with one laser only. The concentration of sulphur atoms in the ionization chamber may therefore depend on the excitation wavelength. However, the S concentration is expected to be a slowly varying function of the wavelength, allowing for the comparison of a͒ intensities of peaks lying within a limited excitation energy interval.
H 2 S ͑99.6%, Messer Griesheim͒ is introduced into the ionization chamber using an effusive inlet. Typical operating pressure are 10 Ϫ4 mbar in the ionization chamber and 10
Ϫ6
mbar in the flight tube.
III. RESULTS AND DISCUSSION
A. General considerations
The ground-state electronic configuration of atomic sulphur is 1s 2 2s 2 2p 6 3s 2 3p 4 , which gives rise to the three terms 3 11, but they have not been commented on. Three other broad peaks in these spectra were attributed to transitions from the 3 P state. 11 As these peaks could not be observed in the present experiments, it seems more probable that they derive from molecular resonances.
In the two-photon energy region from 88 000 to 89 000 cm Ϫ1 , the signal-to-noise ratios are rather low when mass-resolved ion detection is used. For this reason, excitation spectra employing kinetic energy-resolved electron detection were recorded as well. The resulting excitation spectra are shown in Figs. 1͑b͒ 11 can be reproduced for nϭ10Ϫ15 ͓see Fig. 1͑b͔͒ , though our measured transition energies differ systematically by about 1 cm Ϫ1 from the ones reported in this study. When electrons with kinetic energies larger than 2.5 eV are monitored, the (2ϩ1) REMPI transitions from the 3 P J ground state are observed ͓see Fig. 1͑c͔͒ .
In Fig. 1͑a͒ 13 intense peaks can be distinguished that correspond to transitions from the 3 P 2 , 3 P 1 , and 3 P 0 ground-state fine-structure levels to two triplet states, which lie 87 820 cm Ϫ1 and 88 800 cm Ϫ1 above the 3 P 2 ground state, respectively. The line positions of these transitions are listed in Table I . The initial state of every transition can be identified by observation of the 3 P 1 Ϫ 3 P 2 , and 3 P 0 Ϫ 3 P 2 ground-state splittings in the spectrum. The linewidths of the resonances in Fig. 1 3 F. Furthermore, the fine-structure splitting decreases by a factor of 0.7, going from 4 p to 5p, which is of the order of the expected factor (4/5) 3 Ϸ 0.5. A detailed scan, shown in Fig. 2͑a͒ , was recorded in order to determine the relative line strengths of the finestructure transitions. These can be compared with theoretical values for a 3 P→ 3 F two-photon transition, which can be calculated using the spherical tensor formalism described in Refs. 18 and 19. In the LS-approximation, both the Hamiltonian in the absence of the radiation field H 0 , and the dipole operator D, commute with the total spin operator S. 20 It can then be shown that for linearly polarized light the relative line strengths I(J→JЈ) of a ␥LSJ→␥ЈLЈSЈJЈ twophoton transition ͑where ␥ stands for all quantum numbers other than L, S, and J͒ are given by FIG 
I͑J→JЈ͒ϭ
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where the reduced matrix elements ͗␥ЈLЈʈQ o ʈ␥L͘ and ͗␥ЈLЈʈQ 2 ʈ␥L͘ of the zero-and second-order irreducible tensor operators Q k are defined in Ref. 18 . If L LЈ, the first 6 j-symbol vanishes, and the relative line strengths can be calculated algebraically. The resulting values for a 3 P J → 3 F J Ј two-photon transition are given in Table II . In Fig. 2͑a͒ they are compared with the experimentally determined line strengths. The scans in this figure were recorded using mass-resolved ion detection, with identical H 2 S pressure and laser intensity. In the calculation the S( 3 P 2 ):S( 3 P 1 ):S( 3 P 0 ) distribution was assumed to be 5:3:1, following Ref. 15 . The agreement between the theoretical and experimental line strengths seems to justify the assignments of the 3 F J fine-structure levels. Closer inspection of Fig. 2͑a͒ suggests that the S( 3 P 2 ):S( 3 P 1 ):S( 3 P 0 ) distribution deviates slightly from the statistical distribution 5:3:1, showing a preference for S( 3 P 1 ) and S( 3 P 0 ). However, the deviations may also be due to changes in photodissociation cross sections of either SH or H 2 S, or to dye gain effects.
The possible ( 2 P o )4p triplet states are 3 P and 3 D. The ( 2 P o )4p 3 P state will be strongly autoionizing and can probably not be observed for reasons mentioned previously. It therefore seems that the triplet can only be a 3 D state. This assumption is confirmed by the observed transitions. The spectrum shows that only one of the triplet fine-structure levels is accessible from the 3 P 0 level, which is to be expected for a 3 D 1,2,3 state, since the Jϭ3 level cannot be reached from J ϭ 0, and J ϭ 0→J ϭ 1 two-photon transitions are strictly forbidden. All three of the 3 D 1,2,3 fine-structure levels are accessible from the 3 P 1 and 3 P 2 levels, which is in agreement with the two triplet structures observed in the spectrum at 87 430 and 87 830 cm Ϫ1 . The assignments of the fine-structure levels are given in Fig. 2͑b͒ , the observed fine-structure line strengths agree reasonably well with the values predicted on the basis of the present assignments.
In a previous REMPI-PES study of atomic sulphur, 7 a resonance at 66 758 cm Ϫ1 has been attributed to a spin- 
Photoelectron studies
Photoelectron spectra have been recorded for all the 3 P→ 3 D and 3 P→ 3 F transitions, and the observed ionic state branching ratios are given in Table I . As can be expected, the branching ratios for a given excited state are virtually independent of the initial 3 P fine-structure state from which it is excited.
Apart from photoelectron peaks due to (2 ϩ 1) REMPI, all the photoelectron spectra show a peak at a photoelectron energy of 2h -10.36 eV, which is due to autoionization of the excited state into the ( 4 S o )⑀l continua. In fact, the two processes compete, and the excited state can either decay by autoionization, leaving the ion in the 4 S o ground state, or absorb another photon and subsequently ionize, leaving the ion in one of the two excited ionic states or the ground ionic state. As the photoionization probability is proportional to the photon flux, the relative branching ratios are expected to 
؊1
In addition to the transitions discussed above, many other resonances can be seen in Fig. 1, corresponding to transitions from the 3 P ground state to energy levels in the region from 87 000 to 89 000 cm Ϫ1 . Most of these resonances are weak. Also, transitions from the 1 D 2 state to some of these excited states are observed at two-photon energies of about 80 000 cm Ϫ1 . The transitions from the 1 D 2 state can easily be recognized as such by their photoelectron spectra. 7 The line positions of the transitions are given in Table III . Some of the energy levels have been reported previously, accessed from either the 1 D 2 or 1 S 0 excited state. When this is the case, the reported energy is also given in the table. Photoelectron spectra have been recorded for all but one of the transitions. In general, these spectra show a peak deriving from autoionization into the 4 S o continua and (2ϩ1) ionization into the 2 D o and 2 P o continua. Since in this section we are primarily interested in the identification of states responsible for the resonance enhancement in the excitation spectra, and since the branching ratio to the 4 S o autoionization continua is dependent on the intensity of the excitation laser, Table III core preservation, the photoelectron spectra should give an unambiguous identification of the ionic core. However, ( 2 D o )5p and ( 2 P o )4p states having the same angular momentum composition (L,S,J) are likely to show substantial configuration interaction. Furthermore, the photoionization matrix elements may differ considerably for different cores, and a strong peak in the photoelectron spectrum may well be due to a minor contribution in the wave function. This makes the assignment a delicate matter. In what follows, each of the tentative assignments given in Table III 
